Abstract-Heart Failure (HF) is associated with an increased risk of sudden death caused by ventricular tachyarrhythmias.
S
udden cardiac death (SCD), presumably because of ventricular tachyarrhythmias, accounts for Ϸ50% of the mortality in patients with congestive heart failure (HF). 1, 2 Recent studies have highlighted the importance of repolarization abnormalities, including nonuniform prolongation of action potential durations (APD) across the ventricular wall in a canine model of nonischemic dilated cardiomyopathy. 3 Such repolarization changes may lead to the development of reentrant arrhythmias in HF. 3 When considering the prerequisites for reentry, however, two conditions must be met: (1) the excitation wavefront must undergo unidirectional conduction block; and (2) the path of the reentrant circuit must be sufficiently long or conduction of the wavefront sufficiently slow, such that each site along the circuit has ample opportunity to regain excitability before the return of the circulating wave to avoid collision and extinction (ie, reentrant circuit wavelength must be shorter than the path length).
Despite our increased understanding of repolarization changes in HF, the extent to which ventricular conduction abnormalities are present in this model, and their underlying cellular and molecular mechanisms, remains unknown. Given the prominence of conduction slowing in the development of reentry, 4 we hypothesized that conduction velocity (CV) is altered in the pacing-tachycardia HF model in a way that promotes the development of potentially lethal reentrant ventricular arrhythmias.
In the heart, impulse propagation is dependent on several factors, including intrinsic membrane excitability, intra-and extracellular resistivities, and cell-to-cell coupling. 5 Cell-tocell coupling is mediated by cardiac gap junction channels, which are comprised of a family of connexins (Cx), of which Cx43 is the predominant ventricular isoform. 6, 7 Altered expression and distribution of Cx proteins is a recurring theme in the remodeling associated with a number of structural heart diseases. 8 -10 Recently, reduced Cx43 expression was directly linked to changes in CV and repolarization gradients in the dog, 11 whereas other studies have demonstrated a lack of effect of even major changes in Cx43 expression on CV in the intact mouse 12 and monolayers of neonatal mouse ventricular myocytes. 13 Altered conduction is prominent and regionally heterogeneous in ischemic heart disease 14 and is caused by changes in both active 15 and passive membrane properties. 16 -17 The mechanistic understanding of changes in conduction properties in models of ischemic cardiomyopathy are complicated by model-dependent regional heterogeneity, the presence of acute ischemia, and ischemic injury, as well as LV dysfunction. We chose to avoid the confounding influences of ischemia by studying the effects of LV dysfunction alone on conduction in a model of nonischemic dilated cardiomyopathy. 18 Our data demonstrate important changes in impulse propagation in HF that are not directly related to changes in the expression level of Cx43, but rather to the phosphorylation state and the localization of the protein. These changes likely contribute to increased risk of ventricular arrhythmias and SCD in patients with HF.
Materials and Methods

Experimental Model
HF was produced by 3 to 4 weeks of rapid pacing as described previously. 18 LV wedges from 9 normal and 11 failing dogs and RV wedges from 3 normal and 3 failing dogs were prepared as previously described. 3, 19 Adjacent myocardial tissue sections from epicardial (Ͻ1 mm) and endocardial (Ͻ1 mm) layers were processed for Western blotting and immunohistochemical staining. Myocytes were enzymatically dissociated from epicardial and endocardial layers, as previously described, and action potentials were measured using standard patch-clamp recording in current-clamp mode, as described previously. 18, 20 
Optical Action Potential Mapping
Wedges of myocardium ( Figure 1A) , dissected from the lateral LV free-wall and the RV, were perfused with normal Tyrodes solution at 36Ϯ1°C. The arterially perfused wedge preparations were placed in a custom-designed imaging chamber equipped to record volumeconducted electrocardiograms (ECGs) ( Figure 1A ). After staining with the voltage-sensitive dye, di-4-ANEPPS, the imaged surface (epicardium or endocardium) of wedges was stabilized against a flat optical window. Preparations were excited by filtered (515Ϯ5 nm) light from a 192-W Tungsten-Halogen lamp. Emitted fluorescence was long-pass filtered at 630 nm and focused onto the photodiode array with a custom-designed optical macroscope.
Western Blotting
Epicardial (Ͻ1 mm) and endocardial (Ͻ1 mm) tissue layers were dissected from LV and RV myocardium adjacent to optically mapped wedges. Proteins were prepared as previously described. 18 Primary antibody incubations were performed overnight at 4°C as previously described 21 using antibodies to measure total Cx43 (1:1000 dilution; Chemicon Inc, Temeculda, Calif), the nonphosphorylated component of Cx43 (1:1000; Zymed Inc, San Francisco, Calif), and Cx45 expression (1:1000; gift from Dr Jeffery E. Saffitz, Washington University, St. Louis, Mo). 
Microscopy
The cellular distribution of Cx43 in tissue isolated from normal and failing hearts was determined using confocal immunofluorescence, and regional fibrosis was examined using standard Masson trichrome staining, as detailed in the expanded Materials and Methods section in the online data supplement available at http://circres.ahajournals.org.
Data Analysis
All comparisons between normal and failing hearts were made using the Student t test. Summary data are presented as meanϮSD. Differences were considered significant at PϽ0.05.
Results
Conduction Slowing and Arrhythmogenesis in HF
Conduction Slowing
The pacing tachycardia HF model exhibits several distinct electrocardiographic changes that are evident on the volumeconducted wedge ECG. These include a significant (PϽ0.01) prolongation of the QT-interval (control, 289Ϯ16 ms; HF, 369Ϯ18 ms), as well as the time between the peak and end of the T-wave (control, 33Ϯ7 ms; HF, 77Ϯ9 ms), both of which highlight the prolonged and heterogeneous nature of repolarization in the wedge. Importantly, the duration of the QRS complex in HF wedges was 136% that of control (Figure 1 , PϽ0.02), consistent with slowed conduction.
To further define the basis for prolonged QRS duration in HF, high-resolution optical action potential mapping was performed on epicardial and endocardial surfaces of the canine wedge preparation during steady-state pacing. As shown in Figure 1 , conduction across the epicardial and endocardial surfaces of the wedge preparation is anisotropic with a fast-to-slow CV ratio of 1.6Ϯ0.2 and 1.5Ϯ0.1, respectively. Depolarization isochrone maps were constructed to quantify CV, with sites of early activation shown in blue and those of late activation in red ( Figure 1B ). Superimposed upstrokes of representative action potentials recorded from adjacent sites along the slow axis of impulse propagation are displayed in Figure 1C . In LV wedges from normal hearts, endocardial CV was significantly (PϽ0.01) faster than epicardial CV ( Figure 1B and 1D) in both the fast and slow axes of propagation. In HF CV is significantly decreased in both the fast and slow directions on both surfaces, as evidenced by the crowding of isochrone lines ( Figure 1B ) and the greater delay between action potential upstrokes ( Figure 1C ). It is notable that conduction slowing in epicardial and endocardial layers of HF was uniform across the mapping fields and not localized to specific regions. The sequential spread of membrane depolarization across the epicardial surface of representative normal and failing canine wedges is also shown in the animations (Video Supplement 1), which demonstrate markedly slower propagation in HF.
Reduced Wavelength
To assess the functional consequence of reduced CV on arrhythmia development in HF, we measured the cardiac wavelength () along the transverse direction of propagation (product of CV and average APD) in both normal and HF preparations during baseline pacing and after delivery of premature stimuli from the same electrode at relatively long (S1S2ϭ400 ms), intermediate (S1S2ϭ200 ms), and short (S1S2ϭ140 ms) coupling intervals. During steady-state pacing, was relatively long (Ͼ10 cm) in both normal and HF wedges. Interestingly, because of faster CV and longer baseline APD, was significantly longer in endocardium than epicardium in both normal (by 34%, PϽ0.01) and failing (by 24%, PϽ0.01) hearts. During premature stimulation, progressively shortened in both epicardium and endocardium ( Figure 2A ). Importantly, however, stimulation at intermediate coupling intervals caused more pronounced shortening of in wedges from failing compared with normal hearts (Figure 2 ), attributable, in part, to disproportionate slowing of CV in HF ( Figure 2B ). Finally, premature stimulation at a relatively short coupling interval resulted in conduction block in the normal but not the failing preparations, which exhibited marked slowing of CV and a dramatic shortening of ( Figure  2B ). Importantly, whereas in normal wedges was always longer than the average length of the preparations (Figure 2A , dotted line), in HF, was decreased to less than the mean preparation length during premature stimulation at short coupling intervals.
Shown in Figure 3 are representative epicardial action potentials recorded before and after delivery of a closely coupled premature stimulus at a comparable degree of refractoriness in wedges from normal (left) and failing (right) canine hearts. Although in the normal wedge, the premature beat conducted in a decremental fashion and blocked in all directions within 2 mm of the stimulating electrode, it was able to successfully conduct across the entire mapped surface of the failing wedge. Safe conduction of premature impulses at short coupling intervals was associated with the induction of polymorphic ventricular tachycardia (VT) in preparations from failing (6 of 14) but not normal (0 of 12) hearts.
Mechanisms Underlying Conduction Slowing in Heart Failure
Cellular Excitability and the Interstitium To investigate the cellular and molecular mechanisms underlying conduction slowing in HF, we assessed the roles of reduced excitability, fibrosis in the extracellular matrix, and altered gap junction protein expression, distribution, and phosphorylation. We have previously shown that Na ϩ -current density in ventricular myocytes is unchanged in this model. 18 The role of reduced excitability in conduction slowing was further examined by measuring the action potential upstroke velocity in myocytes isolated from normal and failing hearts ( Figure 4 ). The maximum upstroke velocity was not significantly different in either endocardial (Pϭ0.8, not significant [NS]) or epicardial (Figure 4 ; Pϭ0.8, NS) myocytes of normal and failing hearts, suggesting that reduced Na ϩ -channel availability was not responsible for CV slowing.
Changes in the amount and type of fibrous tissue in the interstitium can alter tissue resistivity and CV. Visual examination of Masson trichrome stained sections from the lateral LV wall of normal and failing hearts by an independent member of the pathology division in a blinded fashion indicated no discernable difference in fibrosis content. Similarly, detailed quantitative image analysis of multiple (nϭ40) myocardial sections ( Figure 4 ) exhibited no major change in the percentage of epicardial (2.2Ϯ0.8% HF; 1.6Ϯ0.6% control; Pϭ0.07) and endocardial (2.3Ϯ1.7% HF; 1.5Ϯ0.8% control; Pϭ0.08) fibrous tissue content per total crosssectional surface area, which remained relatively minor.
Connexin Expression
The role of gap junction channels in HF-induced CV slowing was assessed by determining the level of expression of Cx43 in epicardial and endocardial layers of normal and failing hearts. Shown in Figure 5A is a bar plot of Cx43 expression normalized to calsequestrin (top) and a representative Western blot (bottom). In normal myocardium, the amount of epicardial Cx43 is significantly greater (by 29%, PϽ0.001) than endocardial Cx43. In the failing heart, Cx43 expression decreases in both layers (epicardial Ϫ51%, PϽ0.01; endocardial Ϫ45%, PϽ0.01) of the LV. In contrast, Cx43 expression was not altered (PϭNS) in either epicardial or endocardial layers of the RV in HF compared with normal hearts ( Figure 5B) . Interestingly, the expression of Cx43 did not explain differences in CV between epicardial and endocardial layers of the dog. As shown in Figure 5C , the epicardial layer, which exhibited greater immunoreactive Cx43 expression, had a reduced CV compared with the endocardium. Moreover, CV slowing in RV preparations from failing hearts was not associated with reduced Cx43 expression in that chamber ( Figure 5D ). Finally, it did not appear that Cx43 was replaced by another connexin isoform, because neither epicardial nor endocardial Cx45 expression was altered in HF ( Figure 5E ).
Cx43 Distribution
Because CV slowing could not be explained by the level of expression of Cx43 (Figure 5 ), we used immunohistochemical staining and confocal microscopy of epicardial and endocardial sections to examine the distribution of Cx43 in normal and failing ventricular myocardium. In normal hearts, Cx43 is primarily localized at the end-to-end junctions of adjacent myocytes, or the intercalated disk. In contrast, Cx43 in HF sections was frequently observed along the length of myocytes ( Figure 6A ). The extent of Cx43 lateralization was quantified as the percentage of Cx43 fluorescence that is not colocalized with N-cadherin fluorescence versus total Cx43 signal. Shown in Figure 6B are representative epicardial and endocardial tissue slices from a failing heart that demonstrate the presence of Cx43 signal along the lateral margins of myocytes where N-cadherin is not present (arrows). On average, the percentage of Cx43 signal that was not colocalized with N-cadherin increased by Ϸ2-fold in epicardial and endocardial layers of failing hearts relative to controls (PϽ0.01) ( Figure 6C ). 
Cx43 Phosphorylation
Phosphorylation alters the function of Cx43. We investigated whether there were changes in the phosphorylation state of Cx43, which might reduce gap junction function and therefore result in CV slowing in this model of HF. This was performed by measuring the phosphorylated and hypophosphorylated components of Cx43 in Western blots of samples that were isolated in the presence of phosphatase inhibitors. As shown in Figure 7 , in addition to reduced expression of total Cx43 in HF, there was a significant change in the amount of the hypophosphorylated component. In normal hearts, Cx43 is predominantly phosphorylated, migrating primarily (Ͼ95% of total expression) at higher (44 to 46 kDa) molecular weight bands ( Figure 7A ). Interestingly, in HF, a band at a lower molecular mass (Ϸ41 kDa) emerges, indicating an overall increase in apparently hypophosphorylated Cx43 ( Figure 7B) . A similar pattern of Cx43 dephosphorylation, but with no change in total band intensity (phosphorylated and hypophosphorylated components), was found in Western blots of tissue lysates extracted from the RV of failing compared with normal hearts (not shown). Moreover, quantitative measurement of the hypophosphorylated form of Cx43 ( Figure 7 ) using a commercially available antibody that is specific for Cx43 dephosphorylated at serine-368, indicated a marked increase (PϽ0.01) in the level of expression of the hypophosphorylated form in failing compared with normal hearts in both LV (by 123%) and RV (by 88%).
Structural Changes: Myocyte Dimensions
Cardiac impulse propagation is dependent on intercellular resistivity, which, in turn, is a function of the shape and size of cardiac myocytes. Therefore, relative changes in myocyte dimensions, including length, width, perimeter, and area were quantified in myocytes isolated from epicardial and endocardial layers of normal and failing hearts. As shown in Figure  8 , the tachycardia pacing HF model is associated with a significant increase in the length of cells isolated from the epicardium but not the endocardium. Moreover, the width of both epicardial and endocardial myocytes is decreased in HF. Despite significant changes in length and width, there were no significant changes in the overall area or perimeter of myocytes isolated from failing compared with control hearts.
Discussion
SCD attributable to ventricular tachyarrhythmias is a major cause of mortality in patients with HF. 1,2 Recent studies have appreciably advanced our understanding of repolarization abnormalities, including enhanced transmural repolarization gradients in the genesis of polymorphic VT in HF. 2, 3 In the present study, high-resolution optical action potential mapping was performed in the canine wedge preparation for the purpose of measuring the velocity and pattern of epicardial and endocardial conduction in normal and failing hearts. Slowed impulse propagation was correlated with cellular and molecular determinants of myocardial conduction.
Conduction Slowing in HF
Although conduction slowing in models of myocardial infarction-induced HF is generally accepted, less is known regarding CV in nonischemic, noninfarcted myopathic hearts. A major finding of this study is that, in HF, both epicardial and endocardial CV are significantly reduced in both LV and RV. Our report is consistent with previous data in a transgenic mouse model of dilated cardiomyopathy, which exhibits similar degrees of epicardial CV slowing. 22 To our knowledge, this is the first report of the measurement of epicardial and endocardial CV in both chambers of the failing heart. Myocardial conduction is dependent on membrane excitability and passive tissue resistivity. Membrane excitability is dictated by the availability of I Na , whereas resistivity is a function of intra-, extra-, and intercellular resistances. A major advantage of our experimental approach is the ability to accurately measure both epicardial and endocardial CV in LV and RV and directly correlate these metrics to cellular and molecular alterations in the same hearts. Our findings indicate that CV slowing in HF was not related to reduced excitability because the action potential upstroke velocity was not altered in HF. The absence of a change in action potential upstroke velocity is consistent with our previous data that demonstrated no difference in I Na density in myocytes isolated from the same model of HF. 18 In this pacing-tachycardia model of dilated cardiomyopathy, we did not observe major changes in the extracellular matrix that could explain slowing of CV. In fact, tissue sections isolated from epicardial and endocardial layers of the lateral LV free walls of normal and failing hearts exhibited no significant change in fibrosis content, which often contributes to CV slowing in human HF. This is most likely attributable to the relatively rapid induction of HF in this model and is consistent with the findings of a recent report that demonstrates markedly greater fibrosis in the atrium compared with the ventricles in a similar model. 23 Therefore, our results indicate that severe CV slowing can occur in the absence of macroscopic disruption of the extracellular network. Additionally, the overall pattern and degree of the anisotropy of conduction were not disrupted regionally, but instead a diffuse slowing throughout the wedge occurred, further arguing against localized disruption of tissue resistivity by fibrosis.
In the heart, intracellular resistance is a function of the dimensions of the cardiac myocyte. Therefore, severe changes in myocyte dimensions could produce measurable changes in CV. We observed significant changes in myocyte length-to-width ratios in HF. However, these changes were relatively subtle (Ͻ25%) compared with those reported in a model of ventricular hypertrophy, which exhibit marked (Ϸ200%) increases in myocyte lengths. 24 An increase in myocyte length and a decrease in width are expected to decrease longitudinal and increase transverse tissue resistivity, the net effect of which would be a tendency toward greater anisotropic propagation. Because the anisotropy of conduction was not altered, either the structural changes in myocytes were minor or other alterations such as the lateralization of Cx43 offset these changes.
The influence of cell-to-cell communication on CV slowing in HF was assessed by measuring the expression, distribution, and posttranslational modification of the major ventricular gap junctional protein, Cx43, in normal and failing hearts. We observed a significant downregulation of Cx43 in canine pacing tachycardia cardiomyopathy, consistent with previous data regarding gap junction expression 9 and tissue resistance 25 in other models of HF.
Our data demonstrate that in normal hearts, epicardial CV is significantly slower than endocardial CV, consistent with previous reports. 26, 27 Interestingly, the difference in CV does not correlate with the level of expression of Cx43 in the respective layers ( Figure 5 ), because epicardial Cx43 expression is Ϸ30% greater than endocardial Cx43 expression in normal canine myocardium. Therefore, these data support the notion that changes in Cx43 expression (of up to 30%) do not translate directly into conduction slowing, as has been argued in some previous studies 12, 13 but not in others. 28 Furthermore, a recent report has shown that Cx43 expression is greater in endocardium than epicardium, 27 and another study has showed no transmural differences in Cx43 expression in dog. 29 Such conflicting data may be reconciled if important regional differences in Cx43 are present in the canine LV. In fact, we have recently discovered major differences in the expression of key molecules, including Cx43 between anterior and lateral walls of the LV. 30 To eliminate the potential confounding variable of regional heterogeneity of Cx43 expression, we limited our study to the effect of LV failure on the high-stress lateral myocardial wall of the LV and the RV. Further studies are required to assess the expression of Cx43 in other regions of the heart in HF. Importantly, despite the absence of a change in Cx43 expression in the RV of the failing dog, CV was significantly reduced. As such, the level of expression of Cx43 was not a good predictor of CV slowing in this model of HF, in contrast to the conclusion of another recent report. 11 Recent evidence supports the hypothesis that Cx43 and Cx45 can form heterotypic and heteromeric gap junction channels in the heart, with lower conductance than homomeric (Cx43 or Cx45 alone) channels. [31] [32] [33] [34] Because Cx45 levels are unchanged in this model in the wake of downregulated Cx43, the effective Cx45:Cx43 ratio is increased, potentially promoting the formation of more heterotypic gap junctions with lower conductance than in normal hearts. Recently, it has been shown that Cx45 expression is increased in human HF, further contributing to enhanced Cx45:Cx43 ratios 35 and possibly favoring the formation of gap junction channels with reduced conductance.
In addition to downregulation of Cx43 expression, its distribution in the epicardial and endocardial layers of the failing heart is also disordered. In normal hearts, Cx43 resides predominately at end-to-end junctions of cells or the intercalated disk. Interestingly, in HF, this distribution is dramatically altered, because immunoreactive Cx43 is detected along the cell length as well ( Figure 6 ). Lateralization of Cx43 may be expected to reduce the anisotropy of impulse propagation in the heart. Because no changes in anisotropy were observed, the redistributed Cx43 may not be functional, raising the possibility that even Cx43 located at the intercalated disk may also be non-or hypofunctional in HF. Therefore, our data promote the notion that altered distribution and decreased phosphorylation of Cx43 promote conduction slowing in this model of HF.
Arrhythmogenesis in HF
We evaluated the impact of conduction slowing in HF on arrhythmogenesis by measuring the transverse cardiac wavelength () during steady state pacing and after delivery of premature stimuli over a range of coupling intervals. These measurements revealed preferential reduction of epicardial and endocardial in failing compared with normal hearts during premature electrical stimulation, facilitating the induction of sustained (Ͼ3 second) episodes of polymorphic VT (Figure 3 ) after a critical wavelength was reached (Figure 2) . Underlying the presence of shorter in the failing heart is its ability to support slower propagation more safely, which is consistent with previous data from computer simulations and myocyte monolayers that showed slower but safer conduction because of a reduced nonexcitatory current sink to neighboring myocytes when cell-to-cell coupling was reduced. 36, 37 Such ability to support ultraslow conduction in HF allows in preparations from failing but not normal hearts to shorten to critical levels that are smaller than the physical dimensions of these preparations, a requirement for reentry to persist.
Taken together, our results indicate that CV slowing in HF is a critical component of the arrhythmia substrate in this pathophysiological state and that CV slowing is caused by changes in cell-to-cell communication not related to the expression level of the major ventricular gap junction protein, Cx43.
Limitations
There are several limitations to this study. First, we have recently described important differences in Cx43 expression between anterior and lateral walls of the dyssynchronously contracting canine heart. 30 The present analysis focuses exclusively on the high-stress, late-activated lateral wall. Cx43 expression in the early-activated anterior wall and septum were not measured.
Second, action potential upstroke velocities measured in isolated cell preparations may not translate directly to excitability in intact tissue, where cell-to-cell coupling is present. However, to completely eliminate the influence of cell-to-cell coupling on propagation, we assessed dV/dt max (maximum action potential upstroke velocity) in isolated myocytes, to complement our previous data regarding lack of I Na change in this model of nonischemic dilated cardiomyopathy.
Third, in addition to Cx43 and Cx45, Cx40 is also present in the heart, but its expression was not measured. Although Cx40 is known to play a critical role in the formation of gap junctions in the cardiac conduction system, its role in the normal ventricle is thought to be negligible.
Finally, although changes in the density of fibrous tissue in the lateral LV wall were minor compared with those found in the atria in earlier studies in the same model, 23 we cannot exclude the possibility that the constituents of the fibrous tissue were not altered in HF. Furthermore, subtle changes in the distribution of fibrous tissue in the interstitium could have eluded detection.
